ABSTRACT. Canine serum amyloid A (SAA) is a useful diagnostic marker of systemic inflammation. A latex agglutination turbidimetric immunoassay (LAT) was validated for automated measurements. The aim of the study was to evaluate the clinical applicability of SAA measured by the LAT. SAA was measured in 7 groups of dogs with and without systemic inflammation (n=247). Overlap performance was investigated. Diagnostic performance was compared to body temperature and leukocyte markers. Clinical decision limits for SAA were estimated. In dogs with neurological, neoplastic or gastrointestinal disorders (n=143), it was investigated whether a higher proportion of SAA positive dogs could be detected in cases of complications with risk of systemic inflammation. Significantly higher concentrations of SAA were measured in dogs with (range [48.75; 5,032 mg/l]), compared to dogs without systemic inflammation [0; 56.4 mg/l]. SAA was a more sensitive and specific marker of systemic inflammation (area under the receiver-operating characteristic curve (AUC) 1.00), compared to body temperature (0.6) and segmented neutrophils (best performing leukocyte marker, 0.84). A clinical decision limit of 56.4 mg/l was established giving close to perfect discrimination between dogs with and without systemic inflammation. Higher proportions of SAApositive dogs were observed in dogs with neurological, neoplastic and gastrointestinal disorders with complications known to increase risk of systemic inflammation, compared to uncomplicated cases. The automated LAT makes SAA applicable as a relevant diagnostic marker of systemic inflammation in dogs for routine random-access real-time use in a general clinical setting. KEY WORDS: canine, inflammation, veterinary clinical pathology.
The acute phase response (APR) is an unspecific systemic reaction, which follows various stimuli such as infection or trauma, causing systemic inflammation and disrupting homeostasis [3, 21] . During the APR, the concentrations of acute phase proteins (APP) are altered [21] . Serum amyloid A (SAA) is a major positive APP in dogs, and marked increases in concentrations are consequently observed during the APR [3] . Studies in several species have shown that SAA is a more sensitive marker of systemic inflammation than traditionally used parameters such as body temperature, leukocyte and neutrophil counts [12, 19] , and SAA can be used as a diagnostic marker of systemic inflammation in several species, including dogs [1, 4, 8, 21] . The commercial availability of diagnostic assays has, however, been limited to resource and time consuming methods, and so far measurements of canine SAA have not been implemented in routine veterinary clinical biochemistry [3] . The initial evaluations of an automated latex agglutination turbidimetric immunoassay (LAT, EIKEN, Tokyo, Japan), based on human monoclonal antibodies, have shown acceptable analytical and overlap performance [7] , making routine diagnostic measurements of canine SAA possible. Previous studies of canine SAA have focused on specific disorders such as meningitis [18] , neoplasia [23] or pyometra [8] , but more knowledge of the diagnostic performance of SAA for a wider spectrum of disorders will be needed before SAA can be implemented as a routine marker of systemic inflammation for use in a general clinical setting [17] .
Initially, 3 aspects were investigated in the present study: First, the overlap performance of SAA was investigated thoroughly, based on the hypothesis that SAA can be used to differentiate dogs with systemic inflammation from diseased dogs with non-inflammatory disorders and clinically healthy dogs. Second, the diagnostic performance was compared to the traditional inflammatory parameters, body temperature, leukocyte-and neutrophil counts, based on the null-hypothesis that the diagnostic accuracy of SAA to detect systemic inflammation equals that of the traditionally used inflammatory parameters. Third, an optimized clinical decision limit of SAA measured by LAT was estimated, based on the hypothesis that a clinical decision limit for the SAA LAT can be defined to detect the presence of systemic inflammation with clinically relevant diagnostic accuracy.
In some clinical groups of canine patients with inflammation, systemic involvement is not necessarily present, but of clinical importance. Optimally, a marker of systemic inflammation has the ability to differentiate such patients in order to provide valuable information in a general clinical setting. Consequently, dogs with neoplastic, neurologic and gastrointestinal disorders were included in the final part of the study to represent patients not necessarily systemically affected, but where certain complications are known to increase risk of systemic affection. Thus, detection of systemic inflammation can be of diagnostic and prognostic importance for patients with neurological and neoplastic disorders [1, 5, 15, 23] . Consequently, we investigated whether diagnostic measurements of SAA can help to identify these patients, based on the hypothesis that higher proportions of SAA positive dogs will be observed in groups of dogs with inflammatory neurological disorders compared to groups of dogs with non-inflammatory neurological disorders and in dogs with complicated neoplastic disorders compared to dogs with non-complicated neoplastic disorders.
Most cases of gastrointestinal disorders in canine medicine are acute, nonfatal and self-limiting, and they require only symptomatic support, while hemorrhagic diarrhoea and gastrointestinal foreign bodies are two disorders known to increase risk of systemic affection requiring more detailed investigations and more comprehensive therapy [9, 11] . The objective of the last part of the study was, therefore, to explore whether SAA could possibly be useful in the differentiation of these two groups of patients based on the hypothesis that higher proportions of SAA positive dogs will be observed among dogs with complicated (hemorrhagic diarrhoea or a gastrointestinal foreign body) compared to dogs with self-limiting gastrointestinal symptoms.
MATERIALS AND METHODS
Serum was obtained by venipuncture of each of the dogs included in the study and stored in plastic vials at −20 to −80°C for a maximum of 5 years. Only serum remaining after other relevant analyses of importance for diagnostic work-up or previous scientific studies [20, 26] was used in the present study, and this approach was approved by the local ethical committee, Department of Veterinary Clinical and Animal Sciences, University of Copenhagen, Denmark. The samples were shipped on dry ice (except for the samples obtained after castration and accidental trauma which were shipped on wet ice for maximally 13 hr) for analysis at the Central Laboratory, Department of Veterinary Clinical and Animal Sciences, University of Copenhagen, Denmark, allowed to thaw to room temperature on the day of analysis, and thoroughly mixed prior to measurements.
SAA in dogs with and without systemic inflammation: Sera from 247 dogs with a mean age of 5.3 years (range, 0.5 years; 14 years) were included in the first part of the study for measurements of SAA in dogs with and without systemic inflammation. Information about leukocyte, segmented neutrophil and band neutrophil counts from the same day as the sampling of serum was available in 173 cases, and information about body temperature at admission was available in 143 of the dogs. 82% were purebred dogs of 67 different breeds, 48% of the dogs were males and 52% were females.
As summarized in Table 1 Table 2 ) and dogs which developed aspiration pneumonia approximately 24 hr prior to serum sampling. While most groups were relatively homogenous in the composition, the dogs with various disorders not accompanied by systematic inflammation, and of dogs with various miscellaneous inflammatory disorders, constituted two heterogeneous groups (Table 2) . General clinical examinations were performed in these dogs, and basic hematologic and biochemical profiles were analyzed [14] . Additional diagnostic tests were performed at the discretion of the attending clinicians, including urinalysis, radiography, ultrasonography, cytology, histopathology, endocrine testing or analysis for pancreatic lipases, and conclusions about the diagnoses were based on written information from the attending clinicians. SAA was measured with LAT (SAA-1, EIKEN Chemical Co., Tokyo, Japan) [7] using an automated clinical chemical analyser (Advia 1800, Siemens, Munich, Germany). Duplicate measurements were performed, and mean concentrations of SAA were used for further statistical analyses. Leukocyte and neutrophil counts were determined using an automated hematology analyzer (Advia 2120, Siemens, Munich, Germany), and all findings were verified by manual microscopic evaluation of blood smears.
Measured concentrations of SAA in the 7 groups of dogs were visualized graphically in a scatter plot using a logarithmic scale, and medians were calculated using routine descriptive statistical procedures. Kruskal-Wallis test was used to test for significant differences in median SAA concentrations between groups of dogs, and Dunn's multiple comparison tests were used for further characterization of observed differences. Significance level was set to P<0.05.
The groups were subsequently divided in two units, depending on whether systemic inflammation was part of the disease process or not ( Table 1 ). The diagnostic performance of SAA as a marker of systemic inflammation was subsequently compared to the diagnostic performance of leukocyte count, segmented and band neutrophil counts, and body temperature respectively, by assessment of the area under the curve (AUC) obtained by receiver operating characteristic (ROC) analyses [10] . The parameters were considered to have diagnostic potential for the detection of systemic inflammation if the AUC was found to be above 0.5 [10] . In order to be classified as an efficient marker of systemic inflammation, the 95% CI of the AUC had to exceed 0.8. The diagnostic ability of different markers was deemed discrete, if no overlap was observed for the 95% CI of the respective AUC's.
The ROC analysis was used to identify relevant clinical decision limits [10] , defined as the concentrations leading to a diagnostic sensitivity of 100%, a diagnostic specificity of 100% and the concentration at the maximum differential positive rate [maxDPR, where DPR=sensitivity−(1−specificity)] for situations where sensitivity or specificity is favoured or equally weighed, respectively. The most general applicable clinical decision limit was defined as the concentration at maxDPR and therefore used for further analyses in the subsequent part of the study.
SAA measurements in dogs without systemic inflammation (clinically healthy dogs and diseased dogs without systemic inflammation) were compared to each of the 5 groups of patients with systemic inflammation separately, to investigate whether the optimal clinical decision limit differed between different types of induction of systemic inflammation. Relevant clinical decision limits in the individual groups were estimated based on the diagnostic sensitivity, diagnostic specificity and maxDPR as described above.
SAA in dogs with diseases including varying degrees of systemic inflammation: Serum from 143 dogs, suffering from neurological, neoplastic or gastrointestinal disorders, with a mean age of 6.3 years (range, [1 year; 14 years]) was included in this part of the study. Eighty-five percent were purebred dogs consisting of 47 different breeds, 43% were males and 57% were females. The dogs included in this part of the study were divided into groups based on the type of neurological, neoplastic or gastrointestinal disorder. The composition of the groups is outlined in Table 3 . Dot plots were used for visualization of SAA measurements in dogs suffering from neurological, neoplastic and gastrointestinal disorders. The dogs were further divided into groups based on whether SAA measurements resulted in concentrations above or below the most optimal clinical decision limit calculated in the first part of the study. Chi-square tests were used to test for differences between proportions. The proportions were significantly different, if the 95% CI of the difference did not include zero, and thus P<0.05.
RESULTS

SAA in dogs with and without systemic inflammation:
Diagnostic measurement of canine SAA by the LAT was (Fig. 1) .
All the inflammatory markers investigated in the study were confirmed to have significant discriminative ability with an AUC above 0.5; SAA, leukocyte count, segmented and band neutrophil counts and body temperature are consequently all useful as diagnostic markers of systemic inflammation (Table 4) . However, only SAA qualified as an efficient marker of systemic inflammation with an AUC significantly greater than 0.8 (Table 4) . Further, SAA was demonstrated to be more efficient for the detection of systemic inflammation when compared to leukocytes, segmented and band neutrophils and body temperature, respectively, as the 95% CI of the AUC of SAA exceeded the 95% CIs of the AUCs of the other markers without overlap (Table 4) .
A relevant clinical decision limit for SAA was observed to be between 47.8 and 56.4 mg/l depending on whether the diagnostic sensitivity, the diagnostic specificity or the max-DPR was prioritized (Table 5) , and the most optimal clinical decision limit varied within the same interval between different sources of systemic inflammation (Table 6 ). In the present study, 56.4 mg/l was chosen as the most optimal clinical decision limit used for further analyses, corresponding to the maxDPR in Table 5 . With the clinical decision limit set at 56.4 mg/l, a maximal diagnostic specificity is obtained without compromising the diagnostic sensitivity, which will remain high: 97.8 (95% confidence interval, [93.2%; 99.4%]). In fact, the sensitivity was demonstrated to be 100% in 2 of the 5 groups of dogs with systemic inflammation (Table 6) .
SAA in dogs with diseases including varying degrees of systemic inflammation:
Concentrations of SAA exceeding the clinical decision limit were detected in 44 of 206 dogs with neurological, neoplastic and gastrointestinal disorders occasionally known to be accompanied by varying degrees of systemic inflammation (Table 7) . Increased concentrations of SAA were observed in 60% (6 out of 10) of the dogs with neurological disorders and inflammation detected by cytological findings in CSF and/or findings on MRI, while no neurological patients without inflammatory findings had increased levels of SAA. However, four dogs had SAA levels below the clinical decision limit despite of the fact that signs of inflammation were detected. Solid lines: Median SAA concentrations. Measurements below detection limit were plotted as 1.06 mg/l which is the previously calculated detection limit of the assay [7] . Groups with different superscript letters are significantly different (P<0.01, Kruskal-Wallis and Dunn's multiple comparison test). a) Receiver operating characteristic curve analysis was used to calculate possible clinical decision limits for SAA measured by latex agglutination turbidimetry. b) The maximal Se, Sp, and DPR. CI= confidence interval, Se= sensitivity, Sp= specificity, DPR= the maximal differential positive rate= Se-(1-Sp), SAA= serum amyloid A. SAA= serum amyloid A, Se= diagnostic sensitivity, Sp= diagnostic specificity, hr= hours after stimulation, CI= 95% confidence interval, DPR= the differential positive rate= Se-(1-Sp). a) Clinical decision limits were estimated by receiver operating characteristic curve analysis as the concentration with maximal Se, Sp, or DPR. b) The maximal Se, Sp and DPR in each group. SAA= serum amyloid A. a) Number and percentages of patients with SAA above and below the estimated clinical decision limit of SAA. b) Complicated neoplastic disorders were defined as known metastases, disseminated intravascular coagulation or lethargy. c) Complicated gastrointestinal disorders were defined as hemorrhagic gastroenteritis or gastrointestinal foreign bodies, compared to local, selflimiting gastrointestinal symptoms.
SAA could not be used to differentiate between dogs with benign and malignant neoplasms (Fig. 2, Table 7 ). However, increased concentrations of SAA were observed in 68% (15 out of 22) of the dogs with systemic complications due to the neoplastic disorder such as known metastases, cachexia, DIC or lethargy, while only 3% (2 out of 63) of neoplastic patients without such complications had a concentration of SAA exceeding the decision limit. SAA concentrations exceeding the decision limit were observed in 2 dogs with neoplastic diseases without complications. Both dogs were diagnosed, however, with malignant neoplasms, and incipient complications such as micro-metastases not detected by diagnostic imaging can consequently not be ruled out entirely.
A significantly larger proportion (13 out of 15) of dogs with hemorrhagic gastroenteritis or gastrointestinal foreign bodies had SAA concentrations exceeding the clinical decision limit compared to dogs with non-complicated gastrointestinal disorders (Fig. 2, Table 7 ). However, almost half of the patients with non-complicated gastroenteritis had SAA concentrations exceeding the clinical decision limit, and 2 out of 15 dogs had SAA concentrations below the clinical decision limit despite hemorrhagic gastroenteritis.
DISCUSSION
A clinically useful diagnostic performance of canine SAA measured by LAT was demonstrated in this study, which included dogs of a wide range of ages, breeds, and disorders, representative for a general clinical setting. The LAT is based on human monoclonal antibodies [7] , eliminating the potential batch-to-batch variations of polyclonal based assays [16] . The automated measuring time of 10-15 min and random-access facilitate quick determinations of SAA for real-time diagnostic and monitoring purposes, more useful for routine use than the time-consuming methods traditionally used for measurements of canine SAA (e.g. ELISA) [22, 27, 28] .
SAA in dogs with and without systemic inflammation: The significant overlap performance of SAA demonstrated in the study confirms the results of previous studies of canine SAA [1, 3, 4, 8] , and extends the initial knowledge of the overlap performance of the LAT obtained as part of our validation of the assay [7] . Further, our comparison of the diagnostic performance of SAA with the performance of leukocytes, segmented and band neutrophils and body temperature suggests that routine measurements of SAA can be a useful adjunct to the information obtained by measuring these traditionally used inflammatory markers. Similar results have been reported in previous studies on SAA in other species [12, 19] , but to the authors' knowledge, this is the first study documenting SAA to be a more sensitive and specific diagnostic marker in dogs compared to these more traditionally used parameters. The ROC analysis indicated an overall superiority in the whole spectrum of measurements independent of the chosen clinical decision limits [10] . The high diagnostic specificity is especially important in the comparison of SAA to the other diagnostic markers. Body temperature, leukocyte, and neutrophil counts are all known to be stress labile parameters decreasing the specificity of these parameters and increasing the clinical usefulness of an additional diagnostic marker, which can detect systemic inflammation with increased diagnostic specificity. In order for SAA to be used as a routine marker, knowledge about its clinical decision limit is needed, and useful clinical decision limits of SAA, measured by LAT, were consequently established in the study. However, it is important to note that exact clinical decision limits should be estimated locally [6] , with ROC analysis as a useful method as demonstrated.
A previous study has reported that local inflammation as a result of dental disorders will not necessarily be accompanied by a systemic inflammatory reaction [2] . In our study, dogs with dental calculi were subsequently included in the group of diseased dogs without systemic inflammatory disorders. No dog in this group had SAA levels exceeding the established clinical decision limit, which confirms the results obtained previously [2] . The concentration of SAA increases when locally produced cytokines are transported to the liver resulting in a systemic inflammatory reaction [21] . Conse- . Chi-square tests were used to test for significant differences in proportions (P<0.05), and differences in proportions of dogs with SAA concentrations above or below a clinical decision limit of 56.4 mg/l (horizontal line) are given in percentages [95% confidence intervals]. Measurements below the detection limit were plotted as 1.06 mg/l which is the previously calculated detection limit of the assay [7] . NS: Not significant.
quently, it can be expected that the concentration of SAA does not increase as long as the inflammation remains contained and localized, similarly to what is observed in dental patients [2] . In our study, patients have, therefore, been included in the group of diseased dogs without systemic inflammatory disorders, despite the presence of local inflammatory conditions such as cystitis, anal sacculitis, and chronic dermatitis, if no clinical signs of systemic complications were observed. All dogs in this group had concentrations of SAA below the clinical decision limit, indicating that serum SAA is a useful marker of systemic inflammation only. SAA in dogs with diseases including varying degrees of systemic inflammation: Significant higher concentrations of SAA were observed in dogs with complicated neurologic, neoplastic and gastrointestinal disorders, compared to dogs with no systemic affection. The findings in neurological patients support the results of a previous study reporting increased concentrations of SAA in dogs with steroid-responsive meningitis [18] , and consequently SAA seems like a promising parameter in the diagnostic work-up of neurological patients. However, increased concentrations of SAA were not detected in all dogs, despite inflammatory findings in CSF and/or MRI. Additional studies are necessary to explain these findings in detail, but a possible explanation could be that dogs with inflammatory neurological diseases are sometimes only affected locally [24] , while SAA is only expected to increase in cases with systemic inflammation [21] . Further, a clear distinction between disorders with and without inflammation is not always possible in dogs with neurological symptoms despite a thorough diagnostic workup [25] , and consequently, some patients with inconclusive classification can be expected.
The present study supports the findings previously demonstrated in a study of dogs with mammary gland neoplasms. In this study, dogs with metastases, large primary tumours and ulceration or secondary inflammation of the tumour tended to have higher concentrations of SAA than dogs with mammary neoplasms not complicated by such factors [23] . Similar findings have been observed in some human cancers, and SAA has been demonstrated to be a useful prognostic marker for the severity and clinical outcome in humans with certain types of cancers [5] . Further studies are needed in order to investigate the prognostic potential in measurements of SAA in canine neoplastic patients, but the results from our study indicate potential for the detection of a systemic inflammatory affection resulting from neoplasia.
A previous study has demonstrated increases in the concentration of SAA in dogs as a result of experimentally induced gastric mucosal injuries [1] , and the present study suggests that SAA is a useful marker of the systemic inflammatory component of spontaneous gastrointestinal disorders as well. The present results of canine SAA correspond to a previous study of porcine SAA demonstrating significant higher concentrations of SAA in cases of hemorrhagic swine dysentery, compared to non-hemorrhagic cases [13] . Further studies including more and larger groups of dogs will be necessary in order to investigate the full diagnostic and prognostic potential of SAA as a clinical chemical parameter in canine gastrointestinal disorders, but some potential can be expected based on the results of our study.
The different conditions for storing and transport of samples can have affected the results obtained in the study, but additional studies are needed to investigate the exact influence of such factors.
In conclusion, SAA measured by the LAT can be used to distinguish groups of dogs with systemic inflammation from groups of dogs without a systemic inflammatory disorder by means of an established clinical decision limit. SAA was observed to be a significantly more accurate marker of systemic inflammation compared to the traditionally used inflammatory markers, body temperature, leukocyte and neutrophil counts, and can also be used to differentiate dogs with neurological, neoplastic, and gastrointestinal disorders with varying degrees of systemic affection. Consequently, the automated LAT makes SAA applicable for routine use in a general clinical setting. 
